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ABSTRACT
The study of the self-assembly properties of peptides and proteins is important for the understanding of molecular recognition
processes and for the rational design of functional biomaterials. Novel bolaamphiphilic peptides and peptide hybrids incorporating
non-natural aminoacids were designed around a model lysine/leucine-rich peptide with the intention to study their self-
assembly behaviour. Steady-state fluorescence measurements using pyrene as fluorescent probe were adapted to the determina-
tion of the critical self-assembly concentrations (CSACs) of these amphiphilic peptides and peptide hybrids. Different
experimental conditions were studied. The morphology of the peptide aggregates was evaluated by scanning electron micros-
copy (SEM). Concentration and pH have been revealed to play a key role in the control of the process. Peptides presented different
three-dimensional supramolecular arrangements that were correlated with their aminoacid compositions (specifically considering
the presence of tyrosine and proline) and CSAC values.
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1. Introduction
Nature provides scientists with many examples of self-
organization processes, from protein folding and unfolding to
DNA and RNA expression, from lipid vesicles to membrane
formation.1 Self-assembly is an energetically-favoured process in
which different molecules interact with non-covalent bonds:
hydrogen bonds, ionic bonds, water mediated hydrogen bonds,
hydrophobic interactions and van der Waals forces.2 Efforts have
been made in the last decade to mimic natural self-assembly
processes and create macroscopic structures starting from the
atoms from which they are formed (the so-called ‘bottom-up’
approach).3 Many molecules are studied for their self-assembly
properties, such as surfactants and lipids, proteins and peptides,
amphiphilic and bolaamphiphilic compounds. In many cases
the interest is in how to regulate the process itself and in the
understanding of the key elements that control it. The possibility
to trigger the aggregation, e.g. by using pH modification,4–6
metal ions,7 light,8 or temperature,9 allows one to create smart
materials which can only be formed in response to precise
stimuli.1
In the present study we focused our attention on the self-
assembly behaviour of bolaamphiphilic peptides and peptide
hybrids in water (where the term ‘bolaamphiphile’ refers to
molecules that are formed by two hydrophilic groups connected
by a hydrophobic skeleton).10 Several years ago, peptide bolaam-
phiphiles with antimicrobial activity were developed from the
active core of an insect defensin, sapecin B.11 The general struc-
ture was made of different combinations of lysine and leucine,
according to the following motif: H-KLK(L)nKLK-NH2, where
n = 3,4,5.12 To enhance the amphiphilic character, the
poly-leucine chain was exchanged with ω-aminoacids (AAs) that
have an aliphatic chain between the two functional groups. In
particular, 6-aminohexanoic acid (6-Ahx) and 9-aminononanoic
acid (9-Anc) were used and four peptides derived from this
modification (KL1, KL2, KL3 and KL4).13 The library was
extended to study the influence of different AAs on the aggrega-
tion behaviour. Other structures were generated starting from
the same pattern, using the non-natural AA ornithine instead of
lysine (OL1) and the aromatic AA tyrosine instead of leucine
(OY1). Both OL1 and OY1 included 9-Anc. To assess the impor-
tance of the secondary structure two other peptides were
designed (OL2 and OY2) presenting similarities to OY1 and OL1
except for a glycyl-prolyl-glycine tripeptide instead of the linear
9-Anc.14 The compounds used in this study are reported in
Table 1.
Several techniques are commonly used to study peptide
aggregation in water. Well known are surface tension measure-
ments by axisymmetric drop shape analysis-profile (ADSA-P),15
thioflavine T16 and Congo red binding17 together with micros-
copy observations. Steady-state fluorescence measurements are
generally used to determine the critical micelle concentrations
(CMCs) of surfactants but they are not very common in peptide
chemistry. Their use in peptide chemistry was therefore investi-
gated by using the abovementioned series of compounds with
the aim of determining their critical self-assembly concentrations
(CSACs) in water. These measurements are based on the use of
pyrene as fluorescence probe. Pyrene is a very hydrophobic
molecule with low water solubility.18 In the presence of micelles
and other macromolecular assemblies, the pyrene molecule is
preferentially solubilized in the interior hydrophobic regions of
these aggregates. The relative intensity of each peak comprising
the fluorescence spectrum of pyrene depends strongly on the
polarity of the microenvironment. The relative intensity of the
third band (I3, at 384 nm) increases with increased polarity of the
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environment (aggregated molecules) while the relative intensity
of the first band (I1, at 373 nm) is not affected by increased polarity.
The ratio I1/I3 is therefore used to monitor the changes in envi-
ronmental polarity of aggregating molecules in water,19,20 i.e.
their status as aggregates or disaggregated peptides.
CSAC determination by steady-state fluorescence measure-
ments was combined with scanning electron microscopy (SEM)
and cryo-fracture SEM (cryo-SEM) observations to study the
morphology of the peptide aggregates. SEM micrographs were
used to confirm the results obtained by the fluorescence
measurements and define a correlation between morphology
and several structural elements (such as the presence of tyrosine
and proline).
2. Results and Discussion
The CSAC values for the synthesized molecules were deter-
mined by using steady-state fluorescence measurements and
they are reported in Table 2. The changes of pyrene I1/I3 ratios
with peptide concentration were followed both in water (pH 6.5)
and in 0.1 % triethylamine (TEA) (pH 10). The pH measurements
performed during the experiment showed that the pH was
independent of the peptide concentration in the range of
concentrations used. Additionally, analytical reversed-phase
high-pressure liquid chromatography (RP-HPLC) on the puri-
fied peptides revealed no detectable impurities and ruled out
the presence of contaminants as the force that activated the
aggregation (data not shown). Important differences in the
aggregation profile were found within the series of peptides and
peptide hybrids and they were related to the different
aminoacid compositions.21 A four-parameter logistic model was
used to curve-fit the I1/I3 ratios plotted against the logarithms of
the concentrations and a correlation factor (R2) varying between
0.95 ± 0.01 and 0.99 ± 0.01 was found for each curve. Because not
enough material was available, it was not possible to determine
the CSAC values in water for some compounds. Only for
compounds OY1 and OY2 was it possible accurately to establish
the CSAC values under both conditions. For the other com-
pounds the CSAC in water was determined to be much higher
than the starting concentration, which corresponded to high I1/I3
ratios (~1.6, related to the presence of disaggregated peptides in
solution) thus precluding the establishment of the CSAC in that
environment. The concentration of the peptides/peptide
hybrids in solution (both in water and 0.1 % TEA) was the driv-
ing force for the aggregation and played a primary role in the
aggregation process in both environments.15,22
A second important factor in determining the propensity
towards aggregation was the pH. Because of the presence of
primary amino groups on the side-chains of several AA (such as
Orn and Lys), an acidic/neutral pH could be translated into a net
positive charge on the molecules. This positive charge could
ultimately lead to strong repulsive electrostatic forces with a
resultant high CSAC. On the other hand, a basic environment
facilitates the formation of hydrogen bonds and hydrophobic
interactions, lowering the CSAC.23 This tendency was clearly
pointed out by the comparison of the aggregation profiles in
water and 0.1 % TEA of OY1 and OY2 (see Fig. 1). For OY1, the
shift to higher CSAC values was very striking, and the CSAC in
water is more than 60 times greater than in 0.1 % TEA (8.64 mmol
L–1 and 0.14 mmol L–1, respectively). For OY2 the difference was
smaller, but there was still a decrease of 15 times in the CSAC
value going from water to 0.1 % TEA (from 30.02 mmol L–1 to
2.10 mmol L–1).
The effect of pH was also considered to be fundamental in the
aggregation process of KL1/KL2 and KL3/KL4. They present
different C terminus functionalities, acid in KL1/KL2 and amide
in KL3/KL4. In a basic environment, KL1 and KL2 have negative
charges that KL3 and KL4 do not possess. Moreover, they also
lose the possibility of creating intermolecular H bonds at the C
terminus. KL1 and KL2 were therefore expected to show higher
CSAC values than KL3 and KL4. Nonetheless, a comparison of
the aggregation behaviours of peptides KL1, KL2, KL3 and KL4
attested to only small differences in their CSACs (between 6
and 8 mmol L–1). These small differences may indicate that the
functionality at the C terminus is not a critical factor for the
aggregation (see Fig. 2).
By contrast, the structure of the compounds in solution (e.g. in
OL2 and OY2) and the presence of hydrophobic AAs (e.g. in OY1
and OY2) gave much stronger indications of the significant
parameters governing the self-assembly. Proline strongly influ-
enced the aggregation of the peptides. The OY2 and OL2
sequences are similar to those of the corresponding hybrid
peptides OY1 and OL1, except for the presence of the
glycyl-prolyl-glycine tripeptide between the two charged heads,
which replaces the 9-aminononanoic acid. OY2 and OL2 are
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Table 1 Peptides and peptide hybrids used in this study.
Sequence a Ref Net charge b Mass (calcd.)/Da Mass (found)/Da
H-Lys-Leu-Lys-6-Ahx-Lys-Leu-Lys-OH KL1 +4 870.65 870.51
H-Lys-Leu-Lys-9-Anc-Lys-Leu-Lys-OH KL2 +4 912.70 912.63
H-Lys-Leu-Lys-6-Ahx-Lys-Leu-Lys-NH2 KL3 +5 869.67 869.63
H-Lys-Leu-Lys-9-Anc-Lys-Leu-Lys-NH2 KL4 +5 911.71 911.32
H-Orn-Leu-Orn-9-Anc-Orn-Leu-Orn-NH2 OL1 +5 855.65 855.56
H-Orn-Tyr-Orn-9-Anc-Orn-Tyr-Orn-NH2 OY1 +5 955.61 955.61
H-Orn-Leu-Orn-Gly-Pro-Gly-Orn-Leu-Orn-NH2 OL2 +5 911.15 911.52
H-Orn-Tyr-Orn-Gly-Pro-Gly-Orn-Tyr-Orn-NH2 OY2 +5 1011.57 1011.52
a Lys, lysine; Leu, leucine; Orn, ornithine; Tyr, tyrosine; Gly, glycine; Pro, proline.
b Net charge at pH 7.
Table 2 CSAC values in water and 0.1 % TEA determined by steady-state
fluorescence measurements.









characterized by high CSAC values (the CSAC of OY2 is 15 times
higher than that of OY1 and the CASC of OL2 is twice as large as
that of OL1). Because of the introduction of a β-turning AA (Pro),
the three-dimensional arrangement of the molecules in solution
is altered and peptides are forced into a structure that decreases
the possibility of intermolecular interactions. Differences in
CSAC values and aggregation behaviour between OY1 and
OY2, and between OL1 and OL2, are shown in Fig. 3a and
Fig. 3b.
The use of more hydrophobic AAs tends to enhance the
self-organization process of aggregating molecules.21,24,25 This
trend was clearly noticed in some of the compounds studied.
OY1 and OY2 are derived from OL1 and OL2 and differ only in
the presence of tyrosine instead of leucine (Leu → Tyr substitu-
tion). The presence of a more hydrophobic AA caused a decrease
in their CSAC values compared with leucine-containing mole-
cules. The tyrosine-containing compounds did aggregate at
lower concentrations than the leucine-containing homologues
(more than 23 times lower for OY1 and about 4 for OY2) (Fig. 3c
and Fig. 3d). The use of a more hydrophobic backbone (going
from 6-Ahx to 9-Anc) did not seem to cause an increase in the
aggregation behaviour and KL1, KL2, KL3 and KL4 had similar
CSAC values.
The fluorescence emission spectrum of pyrene was also
observed around 470 nm, where the excimer formation can be
detected by the presence of a broad unstructured emission. No
emission was observed, indicating that the aggregates could
only accommodate the inclusion of monomeric pyrene and not
π-stacked pyrene dimers.
The microscopic study that was carried out confirmed that
these bolaamphiphilic compounds self-assemble in response to a
pH increase (of 3.5 pH units), when the net charge of the peptide
molecules is near zero.23 It has already been shown that
aminoacid composition strongly influences the morphology of
peptide assemblies. The type of non-polar AA and the size of the
side-chains both influence the self-assembly process.26 In the
present study peptide assemblies presented different dimensions
and morphologies (see Fig. 4). OY1 and OY2 (peptides with low
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Figure 1 Effect of pH on the aggregation process of OY1 (a) and OY2 (b). The arrows graphically indicate the CSAC values.
Figure 2 Comparison of the aggregation behaviour of KL1, KL2, KL3 and KL4 in 0.1 % TEA.
a) b)
CSACs) showed a network of fibres with uniform longitudinal
growth and distribution, diameter smaller than 1 µm and few
three-way junctions (branches) (Figs. 4a and 4b). Compounds
OL1 and OL2 (intermediate CSACs) presented larger structures
(around 1–2 µm) and many three-way junctions and connec-
tions creating a sponge-like structure (Figs. 4c and 4d). Addi-
tionally, KL1, KL2, KL3 and KL4 (with the highest CSACs), pre-
sented microtubular structures with similar dimensions to OL1
and OL2, often associated with vesicles and entangled rod-like
micelles (Figs. 4e and 4f). It appears from the SEM micrographs
that the presence of tyrosine had a significant role in driving the
aggregation towards the formation of uniform tubular structures
(compare OY1 and OL1 in Fig. 4) most likely for the π-stacking of
the side chains.7,25 Additionally, the disordering influence of
Gly-Pro-Gly is also evident, especially in OY1 and OY2. The SEM
micrograph of OY2 showed an increased number of vesicles
forming from the microtubes compared with OY1, vesicles that
are related to more dynamic three-dimensional arrangements.27
The difference between OL1 and OL2 is not as clear as in the
previous example (OY1/OY2). OL2 presented larger supramo-
lecular structures and numerous vesicles.
3. Conclusions
Steady-state fluorescence measurements using pyrene as
fluorescent probe were used to determine CSAC values of the
synthesized bolaamphiphilic peptides in aqueous solutions
(water and water/0.1 % TEA). The bolaamphiphilic peptides
were shown to assemble in response to a pH modification23 and
the self-assembly was clearly driven by the concentration of the
molecules in solution.15,22 The use of steady-state fluorescence
measurements permitted small differences in the aggregation
profiles of the synthesized compounds to be underlined and
related to their aminoacid compositions. As expected, the
presence of hydrophobic aminoacids was shown to be an impor-
tant factor in enhancing the self-assembly process even at low
concentration.29 Interestingly, the three-dimensional structure
(in this case represented by the presence or absence of proline)
also played a key role in regulating the process. Proline intro-
duced a turn in the structure and the packaging of the
bolaamphiphilic molecules was negatively affected.
As previously stated, pyrene is commonly used as fluorescence
probe to determine the CMCs of surfactants. Surfactant micelles
are rather homogeneous structures compared with the diversity
of structures formed by these bolaamphiphilic peptides. Pyrene
could therefore have differential sensitivity for the different
peptide assemblies. As far as is known, to date no other studies
on peptides have been done using pyrene, and some method
dependence in the fluorescence measurements on the synthe-
sized molecules cannot be excluded. In any event, it must be
remembered that CMC determination commonly displays a
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Figure 3 The role of three-dimensional structure on the aggregation behaviour of OY1/OY2 (a) and OL1/OL2 (b) in 0.1 % TEA, and the effect of
Leu → Tyr substitution on the aggregation behaviour of OL1/OY1 (c) and OL2/OY2 (d) in 0.1 % TEA. The arrows graphically indicate the CSAC values.
certain degree of method dependence and CMC values for a
given molecule can differ slightly according to the method
used.28 Additional work could be done to address this issue for
the present set of molecules by using a different technique (such
as conductivity measurements) and correlating the CSAC values
with a new set of data.
Cryo-SEM and SEM micrographs showed the complex
three-dimensional organization of the peptide assemblies.
Peptides and peptide hybrids appeared to assemble into
structures with different morphologies. These differences were
correlated with the presence of tyrosine (π-stacking of the side
chains that leads to tubular structures)7,25 and proline (vesicles
because of the disorganizing effect), two AAs which were shown





aminoacids and coupling reagents for solid phase peptide
synthesis (SPPS) were supplied by Novabiochem (Laufelfingen,
Switzerland). Pyrene (99 %) was supplied by Fluka (Buchs,
Switzerland). Other chemicals and solvents were from Aldrich
(Steinheim, Germany). Analytical grade water was obtained by
filtering glass-distilled water with a Millipore Milli-Q® system
(Bedford, MA, USA).
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Figure 4 SEM images of dried peptide assemblies from OY2 (a), OL2 (c), OL1 (d), KL1 (e) and KL4 (f). Cryo-SEM picture of assemblies from OY1 (b).




Peptide bolaamphiphiles (0.75 mmol) were synthesized by
manual SPPS using the Fmoc (N9-fluorenylmethoxycarbonyl)
polyamide protocol.29,30 Peptides were synthesized as amides by
using Novasyn TGR resin or as acids by using Novasyn TGA
resin. The coupling step was performed by using 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU) (2.25 mmol)/N-hydroxybenzotriazole (HOBt)
(2.25 mmol)/diisopropylethylamine (DIEA) (4.50 mmol) in
dimethylformamide (DMF) for 60 min. Deprotection of the
loaded aminoacid was achieved by treating the resin with 20 %
(v/v) piperidine in DMF for 30 min.31 Coupling and deprotection
were monitored by the ninhydrin test32 or by the chloranil test
(for proline).33 Cleavage of the peptides from the resin and
deprotection of the side chains were carried out in trifluoracetic
acid (TFA)/H2O/triisopropylsilane (TIS) (95/2.5/2.5) for 4 h or
TFA/H2O/TIS/phenol (92.5/2.5/2.5/2.5) for 6 h for tyrosine-con-
taining peptides.30 Peptides were purified by semi-preparative
RP-HPLC (A = 95 % H2O/5 % acetonitrile (ACN)/0.1 % TFA and
B = 95 % ACN/5 % H2O/0.1 % TFA, from 0 % B to 50 % B over
30 min) and characterized by electrospray-ionization mass spec-
trometry (ESI-MS) and analytical RP-HPLC. Peptides were
freeze-dried after purification and stored at -20 °C.
4.2.2. Steady-state Fluorescence Measurements
Peptides were analytically weighed, dissolved in pyrene/water
(pH 6.5 ± 0.1) or pyrene/water/0.1 % TEA (pH 10.0 ± 0.1) at a
starting concentration of about 45 mmol L–1. The pyrene concen-
tration was 0.4 µmol L–1. Samples were diluted with the same
solvent directly inside the cuvette reaching a final concentration
of about 1 × 10–3 mmol L–1. Fluorescence emission was recorded
in a 10 mm pathlength 100 µL quartz cuvette (Hellma, Mülheim,
Germany) using a LS 50B luminescence spectrometer (Perkin
Elmer, Waltham, MA, USA). The excitation wavelength was set at
334 nm and the emission wavelengths recorded at 373 and
384 nm (I1 and I3, respectively). Excitation and emission
slitwidths were set at 2.5 nm. Experiments were carried out at
25 °C. The ratio I1/I3 was plotted against the logarithm of the
concentration and a four-parameter logistic model was used for
the curve fitting. The maximum of the first derivative of the
function was taken as CSAC.34
4.2.3. pH Measurements
A CyberScan pH-510 pH meter (Eutech Instruments, Nijkerk,
the Netherlands) was used for pH monitoring.
4.2.4. SEM and Cryo-SEM
Bolaamphiphilic peptides and peptide hybrids were dissolved
in water/0.1 TEA (concentration above their CSACs) and left
undisturbed for up to two weeks. (A) Samples were freeze-dried,
coated with a thin palladium/gold layer and observed with a
Leo S440 scanning electron microscope (Zeiss, Göttingen,
Germany) with an accelerating voltage of 10 kV. (B) Alterna-
tively, the aged solutions of bolaamphiphiles were frozen in
liquid nitrogen in glass capillaries. The capillaries were fractured
with a blade and samples observed with the same microscope
(accelerating voltage of 5 kV).
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